Cocaine addiction continues to be a major health and social problem in the United States and other countries. Currently used pharmacological agents for treating cocaine abuse have proved inadequate, leaving few treatment options. An alternative is to use protein-based therapeutics that can eliminate the load of cocaine, thereby attenuating its effects. This approach is especially attractive because the therapeutic agents exert no pharmacodynamic action of their own and therefore have little potential for side effects. The effectiveness of these agents, however, is limited by their inability to act directly within the CNS. Bacteriophage have the capacity to penetrate the CNS when administered intranasally. Here, a method is presented for engineering filamentous bacteriophage to display cocaine-binding proteins on its surface that sequester cocaine in the brain. These antibody-displaying constructs were examined by using a locomotor activity rodent model to assess the ability of the phage-displayed proteins to block the psychoactive effects of cocaine. Results presented demonstrate a strategy in the continuing efforts to find effective treatments for cocaine addiction and suggest the application of this protein-based treatment for other drug abuse syndromes.
C
ocaine is highly addictive and may be the most reinforcing of all drugs of abuse (1) (2) (3) . Despite intensive efforts, effective therapies for cocaine craving and addiction remain elusive. Unlike the historically successful methadone treatment for heroin addiction, there is no proven pharmacotherapy for cocaine abuse (4) . A number of medications acting as agonists, antagonists, or antidepressants have been evaluated in both animal models and humans, with only limited success (5) (6) (7) (8) (9) (10) (11) . In the absence of a single highly effective drug, available pharmacological agents must be part of a comprehensive approach toward treatment.
Unquestionably, an improved pharmacotherapy would increase the effectiveness of such programs, and alternative strategies for treating cocaine addiction are needed if progress is to be made. One such strategy is to use protein-based therapeutics, whereby proteins are designed to bind cocaine, thereby blocking its effects, and͞or degrade cocaine via hydrolysis of the benzoyl ester, thus rendering it less psychoactive (12) . Over the last decade, several groups have reported the successful blocking of the psychostimulatory effects of cocaine by anticocaine antibodies with both active and passive immunization in rodent models. These results demonstrate that anticocaine antibodies bind to cocaine in circulation, retarding its ability to enter the brain (13) (14) (15) (16) (17) . Both strategies reduce cocaine-induced locomotor activity and self-administration in rats. A different antibody-based approach to cocaine addiction treatment uses catalytic antibodies specific for cocaine and the cleavage of its benzoyl ester (18) (19) (20) (21) (22) (23) . The efficacy of catalytic antibodies has been demonstrated in rodent models of cocaine overdose and reinforcement, but kinetic constants for all reported antibody catalysts are marginal and, thus, improved rates will be required before clinical development is warranted (24) . Finally, groups using butyrylcholinesterase (BChE), the major cocaine-metabolizing enzyme present in the plasma of humans and other mammals (25, 26) have reported that i.v. pretreatment with either wildtype or genetically engineered BChE can mitigate the behavioral and physiological effects of cocaine and accelerate its metabolism (27) (28) (29) . One drawback common to all of these proteinbased approaches is that none can act directly within the CNS; thus, their success depends solely on peripheral contact between the enzyme or antibody with ingested cocaine.
Bacteriophage are viruses that infect bacteria and are distinct from animal and plant viruses in that they lack intrinsic tropism for eukaryotic cells (30) . Filamentous bacteriophage fd can be produced at high titer in bacterial culture, making production simple and economical. Furthermore, phage are extremely stable to a variety of harsh conditions, such as extremes in pH and treatment with nucleases or proteolytic enzymes (30) . However, perhaps the most significant importance is the genetic flexibility of filamentous phage. In 1985, Smith reported a method that physically linked genotype and phenotype in a protein display system, and this technology has become known as phage display (31); it allows a wide variety of proteins, antibodies, and peptides to be displayed on the phage coat ( Fig. 1) .
Advances in filamentous phage display for in vitro application have been described wherein phage displaying a random peptide library were intravenously injected into mice and subsequently rescued from the internal organs, showing that the integrity of the phage was not compromised (32, 33) ; and a report in which filamentous phage were shown to penetrate the CNS has been published (34) . In this later study, Solomon and coworkers (34) were able to deliver phage-displayed anti-␤-amyloid antibodies via intranasal administration into the brains of mice. This paper is significant because it provides the following findings: (i) filamentous phage can access the CNS, (ii) phage can display foreign proteins on its surface and still penetrate the CNS, and (iii) bacteriophage can be injected multiple times into the same animal without visible toxic effects.
Previously, we have shown that sequestering of cocaine by anticocaine antibodies can suppress the psychomotor and reinforcing actions of the drug (13) (14) (15) . We note the emergence from these studies of a murine monoclonal antibody termed GNC 92H2 that has exquisite affinity and specificity to cocaine (K d ϭ 40 nM) and benzoyl ecgonine (K d ϭ 1.4 M) (35) . We have also demonstrated that antibody libraries can be displayed on the filamentous phage coat proteins pIII, pVII, and pIX for the selection of high-affinity antibodies to a wide variety of antigens (36, 37) . Herein, we detail the therapeutic potential of a phagedisplayed protein (GNC 92H2-pVIII) that is designed to be not only highly specific for binding of cocaine but that can also access and act directly within the CNS as an additional mode of drug abuse therapy.
Materials and Methods
Preparation of Phage-Display Vectors. The phage-display vector pCGMT-p8 that was used in this study was derived from the phagemid pCGMT (38) . The DNA sequence encoding the C terminus of the coat protein III (pIII) gene in pCGMT was replaced with the major coat protein VIII (pVIII) gene. The vector also contains the cloning site for the single chain (scFv) genes with two SfiI restriction sites. The genes for the scFv antibodies GNC 92H2 and RCA 60 28 were amplified by using PCR methodology (36, 37) . The PCR products were agarose gel purified, recovered (Qiagen, Valencia, CA), digested with the restriction enzyme SfiI (New England Biolabs), and ligated into pCGMT-p8. DNA sequencing was used to confirm the construct.
Preparation and Purification of Phage Particles Displaying scFv GNC
92H2. Escherichia coli TG1 cells (Stratagene) were transformed with the phagemid encoding the appropriate scFv antibody. E. coli TG1 cultures were grown in 2 ϫ 0.5 liters of 2YT broth in the presence of the antibiotic carbenicillin (100 g͞ml). Upon an optical density at a wavelength at 600 nm (OD 600 ) of 0.8, the cells were infected with 0.5 ml of VCS M13 helper phage (Stratagene) (10 12 plaque-forming units͞ml). After 30 min incubation at room temperature, the culture was grown for 2 h at 37°C. Kanamycin͞ isopropyl ␤-D-thiogalactoside were then added to a final concentration of 70 g͞ml, and the culture was grown overnight at 30°C. After growth overnight, the bacterial cells were removed by centrifugation, and phage particles were harvested from the supernatant by precipitation with NaCl (3% wt͞vol) and polyethylene glycol (PEG) 8000 (4% wt͞vol). The phage pellet was resuspended in sterile endotoxin-free PBS (Invitrogen) and precipitated again. Upon resuspension of the pellet in 4 ml of PBS, the phage solution was filtered through a pyrogen-free 0.45-m cellulose-acetate filter to remove any remaining bacterial cells. The phage preparation was titered, i.e., the number of colony forming units was determined according to standard protocols (39) .
Affinity Measurements of Phage-Displayed Proteins. Equilibrium dialysis was performed by using [ 3 H]cocaine as the ligand and phage scFv GNC 92H2-pVIII; helper phage VCS M13 and RCA 60 28-pVIII were also measured and used as controls. Phage samples were serially diluted on a 96-well microtiter plate (80 l per well). Wells (12 per sample) were then filled with another 80 l of [ 3 H]cocaine in PBS (2 nM per well). A second plate was prepared with 2 ϫ 12 wells containing just PBS (160 l per well). The two plates were tightly connected with filled wells facing each other and separated with a dialysis membrane (cutoff 6,000-8,000 Da). The plates were attached vertically to a shaker and were shaken at high frequency for 24 h at room temperature, after which they were carefully separated. The membrane was discarded, and from each well 100 l was transferred to a scintillation vial. Five milliliters of scintillation fluid was added to each vial, and radiation was counted for each sample for 5 min. The experiment was repeated twice for each serum sample. The average in differences in dosage per minute (DPM) between opposite wells was determined for each dilution of phage particles. The number of phage particles was determined spectrophotometrically (A 320 subtracted from A 266 ) by using a molar extinction coefficient of 1.006 ϫ 10 4 M Ϫ1 ⅐cm
Ϫ1
, and a genome size of 3,722 bases for the modified phage.
Animals. Male Wistar rats (n ϭ 16; Charles River Breeding Laboratories), weighing 200-225 g on arrival, were housed in groups of two in a humidity-and temperature-controlled (22°C) vivarium on a 12 h light͞dark cycle (lights on at 10 p.m.) with free access to food and water. All behavioral procedures were performed during the light cycle. Before behavioral testing, each rat was handled by the experimenter for 10 min. All procedures were conducted in strict adherence to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Intranasal Phage Administration Protocols. Animals were anesthetized with a bolus i.p. injection of 60 mg͞kg pentobarbital (sodium salt, Sigma) diluted in physiological saline. Rats were placed dorsally with heads positioned to maximize residency of exogenous substances on the olfactory epithelium. Intranasal (i.n.) administration of GNC 92H2-pVIII (1.0 ϫ 10 14 plaqueforming units͞ml) diluted in PBS (50 l per naris) was administered over 15-30 min by using a Hamilton microsyringe (100 l) with scilastic tubing. During i.n. administration, the opposite naris was closed to induce natural aspiration of the injected substance. Control animals received 50 l of phage͞sc RCA 60 28-pVIII, a single chain antibody that binds to RCA 60 , ricin. Injections were delivered twice per day for 3 consecutive days.
Detection and Identification of Filamentous Phage in Rat Brain. Brain samples were obtained in a time continuum throughout the phage-infusion regimen, testing days, and postchallenge days as to ascertain the time frame of introduction, residence and clearance of phage in the neural tissue. To this end, brains were collected on days 2-4, 7, 8, 10, 13, 15, and 17 after onset of phage infusion. Animals were deeply anesthetized with halothane vapor and rapidly decapitated. Brains were harvested from cerebellum to olfactory tubercule and immediately ground to a fine, homogenous consistency, and washed with and incubated in 3 ml of PBS (pH 7.4) for 1 h at room temperature. After the incubation time, the tubes were spun down at 1,000 rpm in a benchtop GS-6R centrifuge (Beckman). E. coli TG1 cells were infected with serial dilutions of the supernatant for 1 h at room temperature and plated onto LB broth agar plates containing carbenicillin (100 g͞ml). Colonies were counted the following day, and the titer was calculated based on serial dilution. Phagemids isolated from phage particles on days 4 and 7 were analyzed by using DNA sequencing at the Protein and Nucleic Acid Core facility of The Scripps Research Institute to positively identify the phage particles as well as to confirm the presence of the antibody gene.
Detection of Antifilamentous Phage Antibodies in Rat Serum. Blood was drawn from the jugular vein for serum IgG measurements after phage injections at day 28. Filamentous phage particles displaying scFv GNC 92H2 or RCA 60 28 on pVIII were coated on 96-well microtiter plates (NuncMaxiSorp) overnight at 4°C. Wells were washed five times and blocked with 5% (wt͞vol) BLOT-QuickBlocker (Oncogene) in PBS (pH 7.4) at ambient temperature for 1 h. After subsequent washing, rat serum (serially diluted) was added into the wells and incubated for 1 h at room temperature. Repeated washing of the plate was followed by the addition of goat-anti-rat IgG-horseradish peroxidase (HRP) (Pierce) and goat-anti-rat IgM-HRP (Pierce), which was diluted 1:5,000 in blocking solution and was added followed by incubation for 1 h at ambient temperature. The plates were copiously washed, and HRP substrate (3,3Ј,5,5Ј-tetramethyl benzidine and hydrogen peroxide) was added according to the manufacturer's instructions (Pierce). Color reactions were read at a wavelength of 450 nm by using a Thermomax ELISA plate reader (Molecular Devices).
Behavioral Procedures. Locomotor activity was measured in a bank of 16 wire cages; each cage was 20 cm high ϫ 25 cm wide ϫ 36 cm long, with two horizontal infrared beams across the long axis 2 cm above the floor. Total photocell beam interruptions and crossovers, the number of times breaking the photocell beam followed directly by breaking the other photocell beam, were recorded by a computer every 10 min; background noise was provided by a white noise generator.
Before the phage-treatment regime, each rat was habituated to the photocell cages overnight, and before drug injection the rats were habituated again to the photocell cages for 90 min. To determine preimmunization drug response (baseline), animals received an i.p. injection of 15 mg͞kg cocaine⅐HCl mixed in saline solution (bolus 1 ml͞kg), and their locomotor responses were measured during a 90-min session. Based on locomotor activity scores, animals were assigned to the experimental (n ϭ 8) or control group (n ϭ 8) in ranking order; a between subjects design was implemented by using three different experimental groups: 10 mg͞kg, n ϭ 16; 15 mg͞kg, n ϭ 16; and 30 mg͞kg, n ϭ 16.
Stereotypic behavior (sniffing and rearing) was rated for 10 s every 10 min as described (40) . Data were arranged in contingency tables in the following way: (i) for each response category and for each 10-min interval, the number of rats showing a particular category was tabulated; (ii) the degree of heterogeneity in each contingency table was then calculated by a likelihood ratio method (see Statistical Analysis).
On challenge days, animals received an i.p. injection of isotonic saline (bolus 1 mg͞kg) and were habituated for 90 min before the drug injection. Locomotor activity was measured during habituation and the testing session as described above. The experimental design consisted of a 2 ϫ 3 between-subjects design, where two different phage infusions and three cocaine doses were administered. Animals received either RCA 60 28-pVIII or GNC 92H2-pVIII, the anticocaine mAb-displaying phage. Cocaine doses ranged from 10, 15, and 30 mg͞kg i.p. In all experiments, animals were challenged with their corresponding dose of cocaine at the fourth day from the onset of phage infusions, that is, the next day after the last phage treatment. Animals were subjected to cocaine challenges for 3 consecutive days.
Statistical Analysis. Locomotor activity data were analyzed by subjecting 10-min total means for locomotor activity to a twofactor ANOVA (group ϫ time) with repeated measures on the within-group factor, time. Individual means comparisons for the main treatment effects were analyzed by using a Newman-Keuls a posteriori test. Stereotyped behavior data were analyzed by a likelihood ratio method, the ''information statistic'' (41, 42) .
Results
Validation of GNC 92H2-pVIII Affinity for Cocaine. The affinity of GNC 92H2-pVIII for cocaine was determined by using a RIA based on equilibrium dialysis with tritium-labeled cocaine and serial dilutions of phage. A comparison was made between the cocaine binding ability of GNC 92H2-pVIII with VCS M13 helper phage and with RCA 60 28-pVIII; the latter two phage constructs, in theory, are not expected to bind cocaine. As shown in Fig. 2 , phage GNC 92H2-pVIII clearly bind cocaine, whereas control phage do not. Based on this binding curve, we estimate the K d-avg of phage GNC 92H2-pVIII to be between 50 nM and 5 M, depending on the number of scFv 92H2 antibodies displayed on each phage particle.
Psychomotor Response to Systemic Cocaine. The average weight of the animals upon completion of the studies was 365 Ϯ 42 g (n ϭ 16). The photocell cage habituation procedure resulted in consistent patterns of activity after saline injection: transient arousal (Ͻ20 min) followed by typically low levels of ambulation. Cocaine injection pretreatment baseline values were: RCA 60 28-pVIII, 523 Ϯ 98.6; GNC 92H2-pVIII, 594 Ϯ 121.5. Intranasal administration of phage required an average of 20 min of infusion time per naris. Spillage due to sneezing or abrupt movement was monitored by degree of wetness on tissue rostral drape. Substantial wetness merited dosing de novo. Fig. 3 shows the psychomotor response to cocaine after the intranasal phage administration regime. At the low dose of 10 mg͞kg, cocaine elicited a significant motor differential between groups [ Fig. 3a Upper, RCA 60 28-pVIII, 513 Ϯ 94.29; GNC 92H2-pVIII, 317.25 Ϯ 78.95; F(1,14) ϭ 5.3, P Ͻ 0.05]. A time-dependent effect was reflected in the stereotypy levels displayed by animals at this dose ( Fig. 3a Lower: 2Î ϭ 76.2, df ϭ 1, 9). In a different group, 15 mg͞kg cocaine resulted in a highly pronounced difference in both psychomotor measures [locomotor: Fig. 3b Upper, RCA 60 The group receiving the higher dose of cocaine (30 mg͞kg) displayed the classic pattern of behavior observed with psychomotor stimulant. Thus, at a high dose, locomotor activity was decreased because of a high amount of stereotyped behavior in relation to the former groups in the locomotor category (Fig. 3c P Ͻ 0.06). Lastly, a dramatic difference was observed in the stereotypy measure at this group as shown in Fig. 3c Lower (2Î ϭ 91.7, df ϭ 1, 9; P Ͻ 0.01).
Subsequent challenges with cocaine resulted in sustained suppressive effects in some animals, albeit not significant as a group. Fig. 4 depicts the pattern of mean activity as a total 90-min session in a 2-within ϫ 2-between subject's design where time (90 min) and cocaine challenge day (1 or 4) are the within-subjects factors, and cocaine dose (10, 15, or 30 mg͞kg) and treatment (RCA 60 28-pVIII or GNC 92H2-pVIII) are the between-subjects factors. The significance achieved in this study was time-dependent with regards to days postphage infusion (cocaine challenge day 1 ϭ day 4 after infusion; cocaine challenge day 4 ϭ day 7 after infusion). As evidenced in Fig. 4 , and complementarily with Fig. 3 , psychomotor effects were significantly blocked by phage treatment only on the cocaine challenge day 1 for 10 and 15 mg͞kg doses of the drug (left-most columns on Fig. 4 a and b) but not 30 mg͞kg (right-most columns of Fig.  4 a and b) Analysis of Filamentous Phage Found in the Brain. To investigate the capability of filamentous phage to enter the CNS, the amount of phage that accumulates, and its duration of stay in the CNS, a phage titer experiment was conducted. Thus, on days 1-3, 1 ϫ phage were administered intranasally twice daily to each rat. Whole brains were removed, washed, serially diluted, and allowed to infect bacteria. Phage were counted, and all numbers reported in Table 1 are based on a total of four brains used per day and an average number was calculated from this total. The threshold of phage detection was 10 5 colony-forming units; phage were not detected until day 3, and the highest level of phage was found on day 4. Phage-titer dropped off rapidly by day 7 but was persistent until day 13. Phagemids isolated from phage particles on days 4 and 7 were analyzed by using DNA sequencing, and the presence of the scFv antibody genes was confirmed. However, no phage was detected on day 17 or under the same experimental conditions with the brains of rats unimmunized.
Discussion
To assess the efficacy of immunization with phage-display antibodies within the CNS the psychostimulant effects of cocaine were measured in the rat. This psychostimulant effect is a dose-dependent increase in locomotor activity and stereotyped behavior as a result of cocaine's actions on dopaminergic neurons in the brain. Male Wistar rats were tested in photocell cages after treatment with i.p. cocaine (15 mg͞kg) to determine preimmunization drug response. Three different doses of cocaine were chosen: 10, 15, and 30 mg͞kg. These doses of cocaine represent a broad range of both locomotor and behavioral responses. Thus, the lowest dose produces little locomotor and virtually no stereotyped behavior, the medium dose produces a significant locomotor activation and modest stereotyped behavior, and the highest dose produces less locomotor activity but more robust stereotyped behavior.
Animals were administered intranasally twice per day for 3 consecutive days with phage-displaying single chain antibodies on their pVIII surfaces, including GNC 92H2-pVIII and RCA 60 28-pVIII ( Figs. 1 and 2 ). The pVIII gene contains 2,800 copies, and as such was anticipated to provide an overall higher concentration of protein on the phage surface versus the more common display gene pIII, which can only exhibit up to five copies on its surface (39) . Protein surface concentration was considered to be a key element in success of our approach because the antibodies displayed were not catalytic; hence, sequestering was the only means of inhibiting cocaine from reaching its target. Monoclonal antibody GNC 92H2 has previously been shown to have excellent avidity and specificity to cocaine and has yielded outstanding results in previous passive immunization behavioral studies (13) (14) (15) . RCA 60 28 is a single chain antibody that has excellent affinity (400 nM) and selectivity to RCA 60 (Ricinus Communis Agglutinin, ricin) and thus was considered a control (36) .
Animals received three consecutive daily cocaine challenges of one of three doses of the drug 4 days after the onset of the phage-infusion regime. Intranasal administration of phage GNC 92H2-pVIII versus RCA 60 28-pVIII resulted in significant psychomotor differences between groups in response to cocaine (Fig. 3) . At the 10 mg͞kg dose, a 30% reduction in ambulatory behavior (crossovers) compared to baseline values was observed in the GNC 92H2-pVIII group but not in controls (Fig. 3a Upper), and this difference was reflected in the stereotypy measurement during the first 10 min of the session (Fig. 3b Lower). This modest difference in ambulation is not surprising given the tenuous hypermotility elicited at this dose. Furthermore, the paucity of the observed stereotypy is consistent with the reported negligible presence of this behavior at the low dose of cocaine (43) . In contrast, a marked 47% decrease in locomotor activity was measured in GNC 92H2-pVIII-treated animals versus baseline values (15 mg͞kg), whereas controls increased their overall responses by 11% (Fig. 3b Upper) . This quantitative trend was also observed in the percent stereotypy displayed by this 15 mg͞kg-treated group, where the behavior was rated in controls up to 70 min into the session, as opposed to 50 min in the GNC 92H2-pVIII group (Fig. 3b Lower) . These results bear a striking similarity to those previously reported by our group using both active immunization with two different cocaine conjugates (13) (14) (15) and passive immunization with the mAb GNC 92H2 (15) . This similarity probably is contingent on two main experimental factors. First, the same cocaine dose was used, therefore, the patterns of hyperactivity are congruent. Second, the cocaine-blocking mechanism, albeit central versus peripheral, still obeys an immune-mediated dynamic, which is subject to the same elements of affinity and titer as depicted by Fig. 3c . At the 30 mg͞kg cocaine dose, a reversal of behavioral profile was obtained, whereby control animals showed diminishing levels of locomotion because of increasing stereotyped behavior compared to both their own baseline values and GNC 92H2-pVIII-treated rats during the first 30 min of the session (Fig. 3c Upper) . Stereotyped behavior was sustained by controls significantly longer and at higher percentages than by the GNC 92H2-pVIII group (Fig. 3c Lower) reflecting the typical emergence of increased levels of this measure at the higher doses of cocaine (43) . Therefore, the apparent absence of a blunting effect in locomotor activity in the GNC 92H2-pVIII-treated animals versus controls may instead be interpreted as a shift to the right of the cocaine dose͞response function (see Fig. 3 ) as their repetitive (stereotypic) behavior increased and endured.
To confirm the basis of the behavioral suppression, we determined the presence of phage particles in the brain before, during, and after the time span of animal behavioral studies ( Table 1) . The earliest time point at which phage were observed in the brain was at day 3, whereas the highest titer of phage observed in the brain was at day 4. We note that high phage titers dropped precipitously from day 5 to day 7 (10 3 ), but were relatively constant at this number until day 15 and were not detected by day 17. Thus, upon subsequent challenges, i.e., day 4, there were no significant differences in either motor measure between groups. Fig. 4 provides comparative analysis between RCA 60 28-and GNC 92H2-pVIII-treated animals at day 4 after infusion-regime completion. Although no statistical significant differences were reached, the large error bars at the two higher doses denote sustained hypermotor suppression in three of the eight GNC 92H2-pVIII-treated rats (Fig. 4 b and c) . It would thus appear that a threshold of phage-displaying protein must be present in the brain for a full-blunted behavioral response to be observed. We anticipate that this amount may be reduced if catalytic proteins for the drug of abuse are displayed on the appropriate gene's surface.
In understanding the role of our nasal vaccine, we felt it was important to investigate potential limitations. The CNS is con- None detected *On days 1-3, an average of 1 ϫ 10 15 phage were administered intranasally into each rat. † A total of four rat brains was used for each day examined, and the titer was estimated based on the total counts divided by four.
sidered an immune privileged site; however, the possibility of phage entering the periphery cannot be ruled out. Filamentous phage in itself, and with displayed proteins on its surface, comprises a foreign entity to the immune system. Additionally, there is a growing body of research wherein nasal vaccination has become increasingly popular (44, 45) . Gratifyingly, ELISA analysis of rat serum from vaccinated animals showed no appreciable titer to phage and thus provides further evidence that potential toxic side effects are not being manifested in animals that were administered filamentous phage (32, 34) .
We have shown a promising strategy in the continuing effort to find effective treatments for cocaine addiction. Whereas previous protein-based treatments have relied on peripheral drug-protein interactions, our approach delivers the therapeutic protein agent directly into the CNS, the site of drug action. Thus, convergence of phage display and immunopharmacotherapy has enabled us to investigate how a protein-based therapeutic acting within the CNS can influence the effects of cocaine in animal models. Future investigations should include the combination of this phage-based approach with either passive or active immunization protocols to determine whether any synergistic benefits can be obtained. Other tantalizing scenarios might comprise the display of two different proteins of interest on the phage using one protein to target the phage to a specific area of the brain and another protein to provide the actual therapeutic function, effectively increasing the concentration of the therapeutic protein in specific regions in the CNS. The application of this protein-based treatment for cocaine abuse may also serve as a therapeutic for other drug abuse syndromes, as well as any xenobiotic intoxication in which areas of the CNS are targeted.
